ABSTRACT Coherent anti-Stokes Raman scattering (CARS) spectra are reported for flavin adenine dinucleotide (FAD) and glucose oxidase (ft-D-glucose:oxygen 1-oxidoreductase; EC 1.1 3.4) in resonance with the 450 nm flavin absorption band. Severai isoalloxazine ring modes were observed (1635, 1584, 1507,1416, and 1359 cm-'). A 12 cm-1 increase in one component of the 1359 cm-1 band upon binding to glucose oxidase was attributed to hydrogen bonding of the N3 proton to a protein acceptor. This interpretation is consistent with deuteration results. Smaller decreases (5-7 cm-i) on binding were observed for the 1635 and 1416 cm-1 modes (and also a 1297 cm-' mode of deuterated FAD) and were attributed to environmental effects. Deuteration of bound FAD was observed within 5 min of mixing glucose oxidase with D20, demonstrating ready access to solvent. Lorentzian CARS peaks were observed with w.5 at the peak of the 450 nm absorption band, a condition which corresponds to maximum resonance enhancement if the peak corresponds to the envelope of 0-1 vibronic transitions. If w, was tuned to the peak, then aispersion lineshapes were observed, reflecting a loss of Raman enhancement relative to the electronic background. The advent of lasers has made Raman spectroscopy a practical structure probe for biological molecules (1-3). Chromophoric groups can be examined with high sensitivity and selectivity via the resonance Raman effect, by tuning the laser to their electronic absorption bands (2). A major difficulty in such studies is interference from fluorescence, either intrinsic to the sample or caused by impurities, since Raman scattering is weaker than fluorescence. The latter is usually broad, and may easily swamp the Raman spectrum. Significant suppression of the fluorescence background can be achieved by pulsed laser excitation and time resolution of the emitted light, depending on the fluorescence lifetime (4, 5). More effective fluorescence rejection is potentially available via CARS (coherent anti-stokes Raman scattering), in which the Raman signal is generated as a coherent light beam, easily separated spatially from the isotropic fluorescence (6). This technique requires simultaneous excitation by two laser beams of different frequency, WI and W2. When they are crossed at an angle that minimizes the total momentum mismatch, a coherent "anti-Stokes" beam is generated with w. = 2wZ-W2 = Wi + Aco, where Aw = WI -W2.
reflecting a loss of Raman enhancement relative to the electronic background. The advent of lasers has made Raman spectroscopy a practical structure probe for biological molecules (1) (2) (3) . Chromophoric groups can be examined with high sensitivity and selectivity via the resonance Raman effect, by tuning the laser to their electronic absorption bands (2) . A major difficulty in such studies is interference from fluorescence, either intrinsic to the sample or caused by impurities, since Raman scattering is weaker than fluorescence. The latter is usually broad, and may easily swamp the Raman spectrum. Significant suppression of the fluorescence background can be achieved by pulsed laser excitation and time resolution of the emitted light, depending on the fluorescence lifetime (4, 5) . More effective fluorescence rejection is potentially available via CARS (coherent anti-stokes Raman scattering), in which the Raman signal is generated as a coherent light beam, easily separated spatially from the isotropic fluorescence (6) . This technique requires simultaneous excitation by two laser beams of different frequency, WI and W2. When they are crossed at an angle that minimizes the total momentum mismatch, a coherent "anti-Stokes" beam is generated with w. = 2wZ-W2 = Wi + Aco, where Aw = WI -W2.
The strength of this beam increases markedly when Aw corresponds to a vibrational frequency. Thus, a scan of W2 against coi produces a Raman spectrum. Indeed the CARS cross section is proportional to the square of the Raman cross section (6) , and the same information is potentially available.
Like ordinary Raman scattering, CARS is subject to electronic resonance enhancement, and resonance CARS spectra have been reported for diphenyloctatetraene in benzene (7, 8) and for cytochrome c and vitamin B12 in dilute aqueous solution (9) . We now report a CARS study of a highly fluorescent biological chromophore, flavin, and of its binding to the active site of a flavoprotein, glucose oxidase (,B-D-glucose:oxygen 1-oxidoreductase; EC 1.1.3.4). The spectra show clear evidence for hydrogen bonding of the flavin N3 proton to an acceptor site on the enzyme. They also demonstrate that the bound flavin is readily accessible to solvent. EXPERIMENTAL
The CARS apparatus was essentially the same as that described in ref. 7 RESULTS AND DISCUSSION Fig. 1 shows resonance CARS spectra of FAD, native glucose oxidase, FAD(d), and oxidase-FAD(d). Fig. 2 lower shows the absorption spectrum of FAD and the positions of w, W2, and was used to obtain the spectra in Fig. 1 attributed to flavin vibrational modes. The observed vibrational frequencies are listed in Table 1 .
Flavins fluoresce intensely, the broad emission maximizing at 530 nm (12) . Ordinary Raman spectra of satisfactory quality cannot be obtained, in our hands at least, with excitation in the visible region. Tsuboi (13) has reported a single Raman band for FAD, at 1588 cm-1, using 363.8 nm excitation, well to the blue of the fluorescence maximum, an observation which we have confirmed (our peak position was 1584 cm-1, in agreement with the CARS frequency).
No vibrational analysis of flavin is currently available, and detailed assignments of the modes observed in the CARS spectra are deferred to future studies. The structure of the isoalloxazine chromophore is shown in Fig. 2 upper. The 450 nm band has been assigned (12) to the first 7r-r* transition, and the direction of the transition moment is along the line joining C8 and N3. Resonance enhancement is expected for those vibrational modes that are coupled to this transition, i.e., in plane modes of the ring system. The prominent band at '1630 cm-1 is at an appropriate frequency for a mode involving C=O stretching, primarily.
Comparison of the FAD and glucose oxidase spectra shows 5 and 7 cm-1 decrements in the 1635 and 1416 cm-1 FAD frequencies and an apparent splitting of the 1359 cm-1 band The only exchangeable isoalloxazine proton is that of N3 (see Fig. 2 upper), which has a pKa of 10.4 (14) . The (9) . A principal source of lineshape distortion is interference between Raman and background contributions to the CARS susceptibility (8) . Both of these are subject to resonance effects. Resonance enhancement is expected from both w, and w., for the Raman contribution, while the background contribution can be enhanced via 2w1 as well as via w, and w. (19) . Fig. 3 compares FAD CARS spectra obtained with w, = 480 nm (the same spectrum as in Fig. 1 ) and with w, = 453 nm. In the former case, w1 is below the peak of the absorption band (see Fig. 2 ) while 'a is in resonance with the peak. In the latter case, w, is tuned to the peak of the absorption band; only dispersion lineshapes are observed. Apparently the Raman contribution is weaker, relative to the background contribution, at w, = 453 nm than at wi = 480 nm. A possible explanation is that the electronic origin is actually at -475 nm [as suggested by lowtemperaturp flavin spectroscopy (12) and by single crystal spectra of flavodoxin (20) 74 (1977) 4149 high power levels, as recently observed for (# carotene (21) .
However, we obtained the same spectral lineshapes over a 10-fold range of w, power levels, from 10 to 100 ,J/pulse, so that saturation does not appear to be a contributing factor in this case.
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